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R-T-B SYSTEM RARE EARTH PERMANENT MAGNET 

BACKGROUND OF THE INVENTION 
Field of the Invention 

The present invention relates to an R-T-B system rare 
earth permanent magnet (wherein R represents one or more rare 
earth elements (providing that the rare earth elements include 
Y) , and T represents one or more transition metal elements 
essentially comprising Fe, or Fe and Co) , and especially 
relates to an R-T-B system rare earth permanent magnet with 
high magnetizability . 

Description of the Related Art 

Among rare earth permanent magnets, an R-T-B system rare 
earth permanent magnet has been adopted in various types of 
electric equipment for the reasons that its magnetic properties 
are excellent and that its main component Nd is abundant as 
a source and relatively inexpensive. 

. Research and development directed towards the 
improvement of the magnetic properties of the R-T-B system 
rare earth permanent magnet, more specifically, the 
improvement of a residual flux density, a coercive force and 
a maximum energy product, have mainly progressed. However, 
magnetizability has recently become a focus of attention in 
such research and development. To saturate a magnetization, 
the R-T-B system rare earth permanent magnet requires a 
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magnetizing field higher than that of a ferrite magnet. For 
example, when a ring-formed R-T-B system rare earth permanent 
magnet is used as a rotator of a motor, there are some cases 
where the ring-formed R-T-B system rare earth permanent magnet 
is incorporated into the motor and a coil for a motor is then 
wound around the ring-formed R-T-B system rare earth permanent 
magnet for magnetization. When the motor is small, in order 
to obtain a certain number of windings, the diameter of a coil 
wire becomes thin, and thus, a high current cannot be passed 
through the coil. Accordingly, a sufficient magnetizing 
field cannot be applied to an R-T-B system rare earth permanent 
magnet. Therefore, an R-T-B system rare earth permanent 
magnet used for the above purpose is required to have as high 
as possible magnetizability in a low magnetizing field. 

For example, Japanese Patent Laid-Open No. 2002-356701 
discloses an R-T-B system rare earth permanent magnet with 
excellent magnetizability, which is a sintered body of rare 
earth alloy, the mean composition of the main phase of which 
is represented by (LRi_ x HR x ) 2 Ti 4 A (wherein T represents Fe or 
a mixture of Fe and at least one transition metal element other 
than Fe, A represents boron or a mixture of boron and carbon, 
LR represents at least one light rare earth element, HR 
represents at least one heavy rare earth element, and 0 < x 
< 1) . This rare earth alloy sintered body comprises crystal 
grains having a plurality of at least one of the first main 
phase consisting of a composition represented by (LRi_ p HR p ) 2 Ti 4 A 
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( 0 < p < x) and the second main phase consisting of a composition 
represented by (LRi- q HR q ) 2 T 14 A (0 < q < 1). 

Japanese Patent Laid-Open No. 2002-356701 discloses a 
technique for improving magnetizability without decreasing 
magnetic properties.. However, a magnetizing field of 
approximately 0.8 MA/m (10 kOe) is required to obtain a 
magnetization rate of approximately 50%. Therefore, it is 
desired to obtain a magnetization rate of approximately 50% 
in a lower magnetizing field. 

Moreover, Japanese Patent Laid-Open No. 2003-217918 
discloses a rare earth sintered magnet, which comprises, for 
the purpose of improving magnetizability, 25% to 35% by weight 
of R (wherein R represents at least one rare earth element 

(providing that the rare earth elements include Y) and Nd 
occupies 50 or more atom % of R) , 0.8% to 1.5% by weight of 
B, 8% or less by weight of M (at least one selected from a 
group consisting of Ti, Cr, Ga, Mn, Co, Ni, Cu, Zn, Nb and 
Al) asnecessary, thebalanceT (Fe, or FeandCo) , and inevitable 
impurities. This rare earth sintered magnet has crystal 
structure in which an Fe phase comprising 80 or more at % of 
Fe A Coi_ A remains at a size of 0.01 to 300 jam in the sintered 
body . The rare earth sintered magnet has a magnetization rate 
Br (0.2 MA/m) /Br (2.0 MA/m) of 59% or more, which is evaluated 
with a residual flux density, and a magnetization rate ((), (0.3 
MA/m) /(J> (4.0 MA/m), of 4% or more, which is evaluated with 
a flux. 



US-4437 (99P05007) 



- 4 - 



However, the above values obtained in Japanese Patent 
Laid-Open No. 2003-217918, that is, a magnetization rate Br 
(0.2 MA/m) /Br (2.0 MA/m) of 59% or more, which is evaluated 
with a residual flux density, and a magnetization rate (|), (0.3 
MA/m) /<|) (4.0 MA/m), of 4% or more, are not considered to be 
good magnetizability . 

According to the studies of the present inventors, with 
regard to an R-T-B system rare earth permanent magnet having 
a high magnetization rate in a low magnetic field, a 
magnetization characteristic curve indicating a fluctuation 
in a magnetization rate by a magnetizing field tends to gently 
incline . This is to say, a higher magnetizing field is required 
to reach a magnetization rate close to 100%, and it is not 
desired. 

BRIEF SUMMARY OF THE INVENTION 
The present invention has been made to achieve these 
technical objects. Hence, it is an object of the present 
invention to provide an R-T-B system rare earth permanent 
magnet, which has a high magnetization rate in a low magnetizing 
field and has a magnetization characteristic curve showing 
an early rising edge to reach a magnetization rate close to 
100%, for example, a magnetization rate of approximately 90%. 

It has been previously known that when a permanent magnet 
is intended to obtain a high coercive force, its residual flux 
density becomes low, but when it is intended to obtain a high 
residual flux density, its coercive force becomes low. 
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Accordingly, for example, the amount of Dy contained as a rare 
earth element in a permanent magnet is adjusted, so as to obtain 
desired properties. More specifically, when a high coercive 
force is intended to obtain, the amount of Dy is increased, 
and when a high residual flux density is intended to obtain, 
the amount of Dy is decreased, so that desired properties are 
obtained. It has been empirically known that a permanent 
magnet with a high coercive force has high magnet izability . 

The present inventors have studied a magnet, which 
comprises a sintered body comprising an R 2 Ti 4 B phase (wherein 
R represents one or more rare earth elements (providing that 
the rare earth elements include Y) and T represents one or 
more transition metal elements essentially comprising Fe, or 
Fe and Co) as a main phase and a grain boundary phase containing 
a higher amount of R than the above main phase. As a result, 
the present inventors have found that the mean grain size of 
a sintered body and the content of oxygen in the sintered body 
are controlled and that Zr and/or Nb are contained therein, 
so as to obtain excellent magnetizability , which have never 
been obtained. 

These findings can also be applied to a permanent magnet 
with a relatively low coercive force (hereinafter referred 
to as a "low coercive force type") and a permanent magnet with 
a relatively high coercive force (hereinafter referred to as 
a "high coercive type"). In terms of magnetizability, the 
low coercive force type permanent magnet and the high coercive 
force type permanent magnet will be described below in this 
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order. As described later, the high coercive force type 
permanent magnet has higher magnetizability . First, the 
low coercive force type permanent magnet of the present 
invention will be explained. 

With regard to the R-T-B system rare earth permanent magnet 
of the present invention (hereinafter the R-T-B system rare 
earth permanent magnet being simply referred to as a "permanent 
magnet"), when Pc (permeance coefficient) is 2, if a total 
flux is defined as fl under the application of an effective 
magnetic field of 24 0 kA/m (3 kOe) (providing that an effective 
magnetic field = an applied magnetic field - a demagnetizing 
field, and note that each value of them is absolute value, 
if a total flux is defined as f2 under the application of an 
effective magnetic field of 800 kA/m (10 kOe) , and if a total 
flux is defined as f3 under the application of an effective 
magnetic field of 2, 000 kA/m (25 kOe) , a magnetization rate 
a (= fl/f3 x 100) is 40% or more, and a magnetization rate 
b (= f2/f3 x 100) is 90% or more (the first permanent magnet) . 
Here, Pc is a reciprocal number of magnetic resistance. 

The first permanent magnet of the present invention can 
realize high magnetizability such that when Pc is 0.5, a 
magnetization rate a is 30% or more and a magnetization rate 
b is 80% or more, and when Pc is 1, the magnetization rate 
a is 35% or more and the magnetization rate b is 90% or more. 

This permanent magnet can be assured to have properties 
with a residual flux density (Br) of 1.35 T or more, a maximum 
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energy product ( (BH) max) of 350 kJ/m 3 or more, and a squareness 
(Hk/HcJ) of 95% or more. 

In order that the first permanent magnet of the present 
invention obtains the above excellent magnetizability, it is 
important that the amount of oxygen is 2, 000 ppm or less, and 
more preferably 1, 500 ppm or less in a sintered body, and that 
the mean grain size of the sintered body is between 3.3 and 
4.3 jam. Moreover, in order to obtain the above excellent 
magnetizability, it is also important that Zr is dispersed 
in the sintered body. 

The first permanent magnet of the present invention is 
desirably applied to a permanent magnet comprising a sintered 
body with a composition comprising of 25% to 35% by weight 
of R (wherein R represents one or more rare earth elements 
(providing that the rare earth elements include Y) ) , 0.5% to 
4.5% by weight of B, 0.02% to 0.5% by weight of Al and/or Cu, 
0.03% to 0.25% by weight of Zr, 2% or less by weight of Co 
(excluding 0), and the balance substantially being Fe . 

The first permanent magnet of the present invention may 
comprise 0.1% to 4.0% by weight of Dy as R. 

In addition, the first permanent magnet of the present 
invention comprises Zr. This Zr is dispersed at least in the 
grain boundary phase of the sintered body. 

Moreover, the first permanent magnet of the present 
invention relates to a low coercive force type permanent magnet 
having a coercive force (HcJ) of 1, 680 kA/m (21 kOe) or less. 
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As stated above, although the permanent magnet of the 
present invention with the first feature is a low coercive 
force type permanent magnet, its magnetizability can be 
improved. 

Now, a high coercive force type permanent magnet will 
be explained below. 

With regard to the high coercive force type permanent 
magnet of the present invention, when Pc is 2, if a total flux 
is defined as Fl under the application of an effective magnetic 
field of 240 kA/m (3 kOe), if a total flux is defined as F2 
under the application of an effective magnetic field of 400 
kA/m (5 kOe) , and if a total flux is defined as F3 under the 
application of an effective magnetic field of 2,000 kA/m (25 
kOe) , a magnetization rate c (= F1/F3 x 100) is 60% or more, 
and a magnetization rate d (= F2/F3 x 100) is 85% or more (the 
second permanent magnet). 

As stated above, it has been empirically known that a 
permanent magnet with a high coercive force has high 
magnetizability. Accordingly, much higher magnetizability 
of the high coercive force type permanent magnet has not been 
pursued to date. However, as a result of various studies by 
the present inventors, it has been confirmed that a high 
coercive force type permanent magnet obtains unprecedented 
excellent magnetizability, when it contains a large amount 
of heavy rare earth elements, so as to control the mean grain 
size of a sintered body and the content of oxygen in the sintered 
body, and it also contains elements such as Nb. 
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The second permanent magnet of the present invention can 
realize high magnetizability such that when Pc is 0.5, a 
magnetization rate c is 40% or more and a magnetization rate 
d is 70% or more, and when Pc is 1, the magnetization rate 
c is 55% or more and the magnetization rate d is 80% or more. 

This permanent magnet can be assured to have properties 
with a residual flux density (Br) of 1.20 T or more, a maximum 
energy product ( (BH) max) of 240 kJ/m 3 or more, and a squareness 
(Hk/HcJ) of 90% or more. 

In order that the second permanent magnet of the present 
invention obtains the above excellent magnetizability, it is 
important that the amount of oxygen is 2, 000 ppm or less, and 
more preferably 1, 500 ppm or less in a sintered body, and that 
the mean grain size of the sintered body is between 3.5 and 
5.0 jam. Moreover, in order to obtain the above excellent 
magnetizability, it is also important that Nb and/or Zr are 
dispersed in the sintered body. 

The second permanent magnet of the present invention is 
desirably applied to a permanent magnet comprising a sintered 
body with a composition comprising of 25% to 35% by weight 
of R, 0.5% to 4.5% by weight of B, 0.02% to 0.5% by weight 
of Al and/or Cu, 0.2% to 1.5% by weight of Nb and/or 0.03% 
to 0.25% by weight of Zr, 2% or less by weight (excluding 0) 
of Co, and the balance substantially being Fe . 

Since the second permanent magnet of the present invention 
is directed towards a high coercive force type permanent magnet, 
it may comprise 4 . 0% to 12 . 0% by weight of Dy as R. In addition, 
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it may also comprise 1.0% to 6.0% by weight of Tb as R. Dy 
and Tb are elements effective to obtain a high coercive force. 
Needless to say, Dy and Tb can be contained in the permanent 
magnet, either singly or in combination. Thus, the second 
permanent magnet can have an intrinsic coercive force (HcJ) 
of 1,680 kA/m (21 kOe) or more. 

Where Nb is contained in the permanent magnet of the 
present invention, the Nb is dispersed in the main phase (R2T14B 
phase) and the grain boundary phase of a sintered body. Where 
Zr is contained in the permanent magnet of the present invention, 
the Zr is dispersed in the grain boundary phase of a sintered 
body. 

Both the first and second permanent magnets of the present 
invention can be applied to various forms of magnets. In 
particular, when these permanent magnets are applied to 
multipolar magnets, they can remarkably exhibit their effects . 

One or more elements selected from a group consisting 
of Ti, V, Cr, Mn, Bi, Nb, Ta, Mo, W, Sb, Ge, Sn, Ni, Si, Hf 
and Ga may be added to both the first and second permanent 
magnets of the present invention for purposes such as 
improvement of a coercive force or temperature stabilities, 
improvement of productivity, or cost reduction. Of these, 
Ga is effective to improve magnetizability, and it is added 
to the permanent magnets within a range preferably between 
0.02% and 1.5% by weight, and more preferably between 0.1% 
and 1% by weight, with respect to the total weight. 
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Moreover, in order to have high magnetic properties, it 
is desirable to control the amount of nitrogen contained in 
a sintered body to 20 to 600 ppm and to control the amount 
of carbon contained therein to 1,500 ppm or lower. 

In addition, the present invention provides an R-T-B 
system rare earth permanent magnet, which comprises a sintered 
body with a composition consisting essentially of 25% to 35% 
by weight of R (wherein R represents one or more rare earth 
elements (providing that the rare earth elements include Y) ) , 
0.5% to 4.5% by weight of B, 0.02% to 0.5% by weight of Al 
and/or Cu, 0 . 03% to 0 . 25% by weight of Zr , 2% or less (excluding 
0) by weight of Co, and the balance substantially being Fe, 
wherein the amount of oxygen is 2, 000 ppm or less in the sintered 
body, and a mean grain size is between 3.3 and 4.3 |im in the 
sintered body. 

Moreover, the present invention provides an R-T-B system 
rare earth permanent magnet, which comprises a sintered body 
with a composition consisting essentially of 25% to 35% by 
weight of R (wherein R represents one or more rare earth 
elements), 0 . 5% to 4 . 5% by weight of B, 0 . 02% to 0 . 5% by weight 
of Al and/or Cu, 0.2% to 1.5% by weight of Nb and/or 0.03% 
to 0.25% by weight of Zr, 2% or less (excluding 0) by weight 
of Co, and the balance substantially being Fe, wherein the 
amount of oxygen is 2, 000 ppm or less in the sintered body, 
and a mean grain size is between 3 . 5 and 5.0 jam in the sintered 
body . 

Furthermore, the present invention provides a multipolar 
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magnet having multiple N and S polarities, which comprises 
a sintered body with a composition consisting essentially of 
25% to 35% by weight of R (wherein R represents one or more 
rare earth elements (providing that the rare earth elements 
include Y) ) , 0.5% to 4.5% by weight of B, 0,02% to 0.5% by 
weight of Al and/or Cu, 0.03% to 0.25% by weight of Zr, 2% 
or less (excluding 0) by weight of Co, and the balance 
substantially being Fe, wherein 0.1% to 4.0% by weight of Dy 
is contained as the R, and when Pc is 2, if a total flux is 
defined as f 1 under the application of an effective magnetic 
field of 240 kA/m, if a total flux is defined as f2 under the 
application of an effective magnetic field of 800 kA/m, and 
if a total flux is defined as f3 under the application of an 
effective magnetic field of 2,000 kA/m, a magnetization rate 
a (= fl/f3 x 100) is 40% or more, and a magnetization rate 
b (- f2/f3 x 100) is 90% or more. 

In addition, the present invention provides a multipolar 
magnet having multiple N and S polarities, which comprises 
a sintered body with a composition consisting essentially of 
25% to 35% by weight of R (wherein R represents one or more 
rare earth elements), 0.5% to 4.5% by weight of B, 0.02% to 
0.5% by weight of Al and/or Cu, 0.2% to 1.5% by weight of Nb 
and/or 0.03% to 0.25% by weight of Zr, 2% or less (excluding 
0) by weight of Co, and the balance substantially being Fe, 
wherein 4.0% to 12.0% by weight of Dy and/or 1.0% to 6.0% by 
weight of Tb are contained as the R, and when Pc is 2, if a 
total flux is defined as Fl under the application of an effective 
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magnetic field of 240 kA/m, if a total flux is defined as F2 
under the application of an effective magnetic field of 400 
kA/m, and if a total flux is defined as F3 under the application 
of an effective magnetic field of 2, 000 kA/m, a magnetization 
rate c (= F1/F3 x 100) is 60% or more, and a magnetization 
rate d (= F2/F3 x 100) is 85% or more. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a table showing the composition of master alloys 
used in Experiment example 1 and the composition of a sintered 
body obtained in Experiment example 1; 

FIG . 2 is a table showing magnetic properties of permanent 
magnets (samples 1 to 5) obtained in Experiment example 1; 

FIG. 3 is a table showing the results obtained by measuring 
the magnetization rates (Pc =2) of samples 1 to 5; 

FIG. 4 is a graph showing the relationship between the 
magnetizing field and the magnetization rate (magnetization 
characteristic curve) of samples 1 to 5; 

FIG. 5 is a table showing the values of magnetizing fields 
necessary for samples 1 to 5 to obtain a magnetization rate 
of each of 40%, 50%, 60%, 70%, 80%, 90% and 95%; 

FIG. 6 is a table showing the composition of master alloys 
used in Experiment example 2 and the composition of a sintered 
body obtained in Experiment example 2; 

FIG. 7 is a table showing magnetic properties of permanent 
magnets (samples 6 to 8) obtained in Experiment example 2; 
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FIG. 8 is a table showing the results obtained by measuring 
the magnetization rates (Pc = 2) of samples 6 to 8; 

FIG. 9 is a graph showing the relationship between the 
magnetizing field and the magnetization rate (magnetization 
characteristic curve) of samples 6 to 8; 

FIG . 10 is a table showing the composition of master alloys 
used in Experiment example 3 and the composition of sintered 
bodies obtained in Experiment example 3; 

FIG. 11 is a table showingmagnetic properties of permanent 
magnets (samples 9 to 11) obtained in Experiment example 3; 

FIG. 12 is a table showing the results obtained by 
measuring the magnetization rates (Pc = 2) of samples 9 to 
11; 

FIG. 13 is a graph showing the relationship between the 
magnetizing field and the magnetization rate (magnetization 
characteristic curve) of samples 9 to 11; 

FIG . 14 is a table showing the composition of master alloys 
used in Experiment example 4 and the composition of sintered 
bodies obtained in Experiment example 4; 

FIG. 15 is a table showingmagnetic properties of permanent 
magnets (samples 12 to 14) obtained in Experiment example 4; 

FIG. 16 is a table showing the results obtained by 
measuring the magnetization rates (Pc =2) of samples 12 to 
14; 

FIG. 17 is a graph showing the relationship between the 
magnetizing field and the magnetization rate (magnetization 
characteristic curve) of samples 12 to 14; 
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FIG. 18 is a plan view showing a f ormof test pieces prepared 
from samples 12 to 14 , and showing a magnetizing pattern; 

FIG. 19isasetof graphs showing the relationship between 
the positions of the test pieces of FIG. 18 on a chain line 
and the total flux (B) with respect to each different 
magnetizing voltage ; 

FIG 20 is a table showing magnetic properties of a 
permanent magnet (sample 15) obtained in Experiment example 
5; 

FIG. 21 is a table showing the results obtained by 
measuring the magnetization rates of sample 15 (Pc = 2.0) , 
sample 16 (Pc = 1.0) and sample 17 (Pc = 0.5); 

FIG. 22 is a graph showing the relationship between the 
magnetizing field and the magnetization rate (magnetization 
characteristic curve) of samples 15 to 17; 

FIG. 23 is a table showing the composition of an alloy 
used to obtain permanent magnets (samples 18 to 23) in 
Experiment example 6; 

FIG. 24 is a table showing magnetic properties of samples 
18 to 23; 

FIG. 25 is a table showing the results obtained by 
measuring the magnetization rates (Pc = 2) of samples 18 to 
23; 

FIG. 26 is a table showing the composition of an alloy 
used to obtain permanent magnets (samples 24 to 28) in 
Experiment example 7; 
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FIG. 27 is a table showing magnetic properties of samples 
24 to 28; 

FIG. 28 is a table showing the results obtained by 
measuring the magnetization rates (Pc = 2) of samples 24 to 
28; 

FIG. 29 is a table showing the composition of alloys used 
to obtain permanent magnets (samples 29 to 36) in Experiment 
example 8; 

FIG. 30 is a table showing magnetic properties of samples 
18 and 29 to 36; 

FIG. 31 is a table showing the results obtained by 
measuring the magnetization rates (Pc = 2) of samples 18 and 
29 to 36; 

FIG. 32 is a table showing the composition of alloys used 
to obtain permanent magnets (samples 37 to 40) in Experiment 
example 9; 

FIG. 33 is a table showing magnetic properties of samples 
37 to 40; 

FIG. 34 is a table showing the results obtained by 
measuring the magnetization rates (Pc =2) of samples 37 to 
40; 

FIG . 35 isaset of graphs showing the relationship between 
the positions of the test pieces of FIG. 18 on a chain line 
and the total flux (B) with respect to each different 
magnetizing voltage ; 
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FIG. 36 is a table showing the composition of alloys used 
to obtain permanent magnets (samples 41 to 44) in Experiment 
example 10; 

FIG. 37 is a table showing magnetic properties of samples 
41 to 44; 

FIG. 38 is a table showing the results obtained by 
measuring the magnetization rates (Pc = 2) of samples 41 to 
44; and 

FIG. 39 is a table showing the results obtained by 
measuring the magnetization rates (Pc = 2) of samples 19, 45 
and 46. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The permanent magnets of the present invention and amethod 
for manufacturing them will be described below. 

As is well known, a permanent magnet obtained by the 
present invention comprises at least a main phase consisting 
of R 2 Ti 4 B crystal grains (wherein R represents one or more rare 
earth elements (providing that the rare earth elements include 
Y) and T represents one or more transition metal elements 
essentially containing Fe, or Fe and Co) and a grain boundary 
phase comprising a higher amount of R than the main phase. 
<Magnetizability> 

First, magnetizability of the permanent magnet of the 
present invention will be explained. 

The above described first permanent magnet of the present 
invention that is a low coercive force type has a magnetization 
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rate a (= fl/f3 x 100) of 40% or more and a magnetization rate 
b (= f2/f3 x 100) of 90% or more. 

The fl is used herein to mean a total flux under the 
application of an effective magnetic field of 240 kA/m, on 
condition that Pc is 2. The f2 is used herein to mean a total 
flux under the application of an effective magnetic field of 
800 kA/m. The f3 is used herein to mean a total flux under 
the application of an effective magnetic field of 2, 000 kA/m. 

It is noted that in the present invention, Pc is defined 
based on Figure 5-4 on page 146 of "Kidorui Eikyu Jishaku (Rare 
earth permanent magnets ) , " YoshioTawara & KenOhashi, Mori kit a 
Shuppan Co., Ltd. In addition, a magnetization rate was 
measured as follows. A magnet to be evaluated was sandwiched 
between pole pieces to form a closed magnetic circuit. 
Thereafter, electric current was applied to the electromagnet 
so as to magnetize it . In this case, an applied magnetic field 
is equal to an effective magnetic field. After completion 
of the magnetization, the total flux was measured with a flux 
meter . 

With regard to magnetizability, as stated above , it would 
be ideal. if a high magnetization rate was obtained in a low 
magnetic field and if the magnetization characteristic curve 
existed on the low magnetic field side. However, it has 
previously not been easy to satisfy both the conditions . Thus, 
the present invention provides a permanent magnet having 
unprecedented magnetizability such as a magnetization rate 
a (= fl/f3 x 100) of 40% or more and a magnetization rate b 
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(= f2/f3 x 100) of 90% or more . As described later in Examples, 
the permanent magnet of the'present invention has an excellent 
magnetization rate even in a range between 240 kA/m and 800 
kA/m. 

In order to obtain the above described magnetizability, 
it is important that crystal grains in a sintered body have 
a mean grain size in a limited range between 3.3 and 4.3 jam. 
As explained later in the First example, if the mean grain 
size thereof is less than 3 . 3 jam or over 4.3 jam, the above 
magnetization rates a and b cannot be obtained. 

On the other hand, the above described second permanent 
magnet of the present invention that is a high coercive force 
type has a magnetization rate c (= F1/F3 x 100) of 60% or more 
and a magnetization rate d (= F2/F3 x 100) of 85% or more. 

The Fl is used herein to mean a total flux under the 
application of an effective magnetic field of 240 kA/m, on 
condition that Pc is 2. The F2 is used herein to mean a total 
flux under the application of an effective magnetic field of 
400 kA/m. The F3 is used herein to mean a total flux under 
the application of an effective magnetic field of 2, 000 kA/m. 

If a total flux is defined as F4 under the application 
of an effective magnetic field of 800 kA/m,. a magnetization 
rate e (= F4/F3 x 100) is 95% or more, and thus, an extremely 
high magnetization rate can be obtained. It is noted that 
the definition of Pc, a method of measuring a magnetization 
rate, and a method of measuring a total flux are the same as 
in the case of the first permanent magnet. 
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With regard to magnetizability, as stated above, it would 
be ideal if a high magnetization rate was obtained in a low 
magnetic field and if the rising edge of the magnetization 
rate was steep. However, it has previously not been easy to 
satisfy both the conditions. According to the second 
permanent magnet of the present invention that is a high 
coercive force type, however, an unprecedented permanent 
magnet can be obtained, which has a high magnetization rate 
in a low magnetic field, such as a magnetization rate c (= 
F1/F3 x 100) of 60% or more, a magnetization rate d (= F2/F3 
x 100) of 85% or more and a magnetization rate e (F4/F3 x 100) 
of 95% or more, and which also has an early rising edge of 
the magnetization rate. 

In order to obtain the above described magnetizability, 
it is important that each crystal grain in a sintered body 
has a mean grain size in a limited range between 3.5 and 5.0 
|j.m. As explained later in the Second example, if the mean 
particle size of a crystal grain is less than 3 . 5 \xm or over 
5 . 0 |om, the above magnetization rates c anddcannot be obtained. 

In both cases of adopting the low coercive force type 
permanent magnet and the high coercive force type permanent 
magnet, compositional factors to obtain the above described 
magnetizability may include regulation of the amount of oxygen 
contained in a sintered body and containment of Zr and/or Nb. 
This point will be described later in the section <Chemical 
composition> . 
<Multipolar magnet> 
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As stated above, the present invention is desirably 
applied to a multipolar magnet. 

Examples of such a multipolar magnet may include a radial 
anisotropic or polar anisotropic ring magnet used for a motor, 
a rectangular magnet used pick-up driving of devices such as 
CD or DVD, and a fan-shaped magnet used for VCM (Voice Coil 
Motor) . These multipolar magnets have multiple N and S 
polarities . 

When the permanent magnet of the present invention is 
applied to the above described multipolar magnets, it makes 
the width of a neutral zone narrow. Thus, the amount of total 
flux increases, and if the multipolar magnet is used for a 
motor for example, the properties of the motor can be improved. 
The term "neutral zone" is used herein to mean a region on 
a magnet, which is magnetized to neither the N nor S pole in 
a boundary where the polarities (N or S) are reversed, when 
the magnet is magnetized. In particular, in small-sized 
magnets or magnets with a large number of poles, the ratio 
of the neutral zone is increased. Accordingly, when the 
permanent magnet of the present invention is applied to a 
multipolar magnet , it makes the width of a neutral zone narrow . 
Thus, the properties of a motor for which the present magnet 
is used can be improved. 
<Chemical compos it ion> 

Next, a desired chemical composition of the R-T-B system 
rare earth permanent magnet of the present invention will be 
explained. The term "chemical composition" is used herein 
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to mean the final composition obtained after sintering (the 
composition of a sintered body) . 

The rare earth permanent magnet of the present invention 
comprises 25% to 35% by weight of rare earth elements (R) . 

The term R is used herein to mean one or more rare earth 
elements selected from a group consisting of La, Ce, Pr, Nd, 
Sm, Eu, Gd, Tb, Dy, Ho, Er, Yb, Lu and Y. If the amount of 
R is less than 25% by weight, R2T14B crystal grains as a main 
phase of the permanent magnet might be insufficiently generated. 
Accordingly, a-Fe or the like having soft magnetism appears, 
and the coercive force thereby significantly decreases. 

On the other hand, if the amount of R exceeds 35% by weight, 
the volume ratio of the R 2 Ti 4 B phase as a main phase decreases, 
and the residual flux density also decreases. Moreover, if 
the amount of R exceeds 35% by weight, R reacts with oxygen 
easily, and the content of oxygen thereby increases. In 
accordance with the increase of the oxygen content, an R rich 
phase effective for the generation of the coercive force 
decreases, resulting in a reduction in the coercive force. 
Therefore, the amount of R is set between 25% and 35% by weight . 
The amount of R is preferably between 28% and 33% by weight, 
and more preferably between 29% and 32% by weight. 

Since Nd is abundant as a source and relatively inexpensive, 
it is preferable to use Nd as a main component of rare earth 
elements. Moreover, Dy and Tb are effective to improve the 
coercive force. Accordingly, it is preferable to set Nd as 
a main component of rare earth elements, to select Nd and/or 
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Dy, and set the total amount of Nd, and Dy and/or Tb between 
25% and 35% by weight. In addition, the amount of Dy and Tb 
is preferably determined within the above range, depending 
on which is considered to be more important, a residual flux 
density or a coercive force . When a high residual flux density 
is required to be obtained, the amount of Dy is preferably 
set between 0.1% and 4.0% by weight. On the other hand, when 
a high coercive force is required to be obtained, it is 
preferable to set the amount of Dy between 4.0% and 12.0% by 
weight and to set the amount of Tb between 1.0% and 6.0% by 
weight. It is noted that Tb exhibits an effect to improve 
a coercive force higher than that of Dy, and that when these 
elements are contained in a magnet in the same amount, Tb 
exhibits approximately 2 times the effect of Dy to improve 
a coercive force. 

As stated above, the first feature of the present invention 
is that even when the permanent magnet of the present invention 
is a low coercive force type, it has excellent magnetizability . 
Accordingly, when the amount of Dy is low, such as between 
0.1% and 4.0% by weight, the present invention exhibits 
sufficient effects by the first feature. Dy is added to a 
permanent magnet at a ratio of 10% or less by weight with respect 
to the total weight of rare earth elements. In such a case, 
the coercive force (HcJ) is 1,680 kA/m or less, and more 
preferably 1,440 kA/m or less. 

On the other hand, the second feature of the present 
invention is that the permanent magnet of the present invention 
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has excellent magnetizability even when it is a high coercive 
force type. Accordingly, when Dy and/or Tb are within the 
above described range, the present invention exhibits 
sufficient effects by the second feature. In such a case, 
the coercive force (HcJ) exceeds 1, 680 kA/m. It is preferably 
1, 750 kA/m or more, and more preferably 2, 000 kA/m or more. 

Moreover, the permanent magnet of the present invention 
comprises 0.5% to 4.5% by weight of boron (B) . If the amount 
of B is less than 0.5% by weight, a high coercive force cannot 
be obtained. However, if the amount of B exceeds 4 . 5% by weight, 
the residual flux density is likelyto decrease . Accordingly, 
the upper limit is set at 4.5% by weight. The amount of B 
is preferably between 0.5% and 1.5% by weight, and more 
preferably between 0.8% and 1.2% by weight. 

The permanent magnet of the present invention may comprise 
Al and/or Cu within the range between 0 . 02% and 0 . 5% by weight . 
The containment of Al and/or Cu within the above range can 
impart a high coercive force and improved temperature 
stabilities to the obtained permanent magnet . When Al is added, 
the additive amount of Al is preferably between 0 . 03% and 0 . 3% 
by weight, andmore preferably between 0 . 05% and 0 . 25% by weight . 
When Cu is added, the additive amount of Cu is preferably 0 . 15% 
or less by weight (excluding 0) , and more preferably between 
0.03% and 0.08% by weight. 

It is important for the permanent magnet of the present 
invention to comprise 0 . 2% to 1 . 5% by weight of Nb and/or 0 . 03% 
to 0.25% by weight of Zr. Zr is effective to improve the 
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magnetizability of the permanent magnet. Moreover, when the 
content of oxygen is reduced to improve the magnetic properties 
of the permanent magnet, Zr exerts the effect of inhibiting 
the abnormal grain growth in a sintering process and thereby 
makes the microstructure of the sintered body uniform and fine . 
Accordingly, when the amount of oxygen is low, Zr fully exerts 
its effect. The amount of Zr is preferably between 0.05% and 
0.25% by weight, and more preferably between 0.1% and 0.2% 
by weight. 

As in the case of Zr , the containment of Nb is also effective 
to improve the magnetizability of the permanent magnet. 
Furthermore, when the content of oxygen is reduced to improve 
the magnetic properties of the permanent magnet , Nb also exerts 
the effect of inhibiting the abnormal grain growth in a 
sintering process and thereby makes the microstructure of the 
sintered body uniform and fine. Accordingly, as with Zr, Nb 
also fully exerts its effect when the amount of oxygen is low. 
The amount of Nb is preferably between 0 . 5% and 1 . 3% by weight, 
and more preferably between 0.5% and 1.2% by weight. 

The permanent magnet of the present invention contains 
2, 000 ppm or less oxygen. If it contains a large amount of 
oxygen, an oxide phase that is a non-magnetic component 
increases, thereby decreasing magnetic properties . Thus, in 
the present invention, the amount of oxygen contained in a 
sintered body is set at 2,000 ppm or less, preferably 1,500 
ppm or less , and more preferably 1 , 000 ppm or less . However, 
when the amount of oxygen is simply decreased, an oxide phase 
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having a grain growth inhibiting effect decreases . Resulting 
from this phenomenon, the abnormal grain growth easily occurrs 
in a process of obtaining full density increase during 
sintering. Thus, in the present invention, the permanent 
magnet is allowed to contain a certain amount of Nb and/or 
Zr, which exert the effect of inhibiting the abnormal grain 
growth as well as the effect of improving magnetizability . 

The permanent magnet of the present invention contains 
Co in an amount of 2% or less by weight (excluding 0 ) , preferably 
between 0.1% and 1.0% by weight, and more preferably between 
0.3% and 0.7% by weight. Co has an effect to improve Curie 
temperature and the corrosion resistance of a grain boundary 
phase . 

<Manuf acturing method> 

Next, a preferred method for manufacturing the permanent 
magnet of the present invention will be explained. 

In the present embodiment, the permanent magnet of the 
present invention is manufactured by what is called a mixing 
method, using an alloy (low R alloy) containing R 2 Ti 4 B crystal 
grains as main components and another alloy (high R alloy) 
containing a higher amount of R than the low R alloy. However, 
needless to say, the permanent magnet of the present invention 
can also be manufactured using a single master alloy or plural 
master alloys more than two. 

A raw material metal is first subjected to strip casting 
in a vacuum or inert gas atmosphere, or preferably an Ar 
atmosphere, so that a low R alloy and a high R alloy are obtained . 



US-4437 (99P05007) 



- 27 - 



The low R alloy may comprise Cu and Al, as well as rare earth 
elements, Fe, Co and B. The high R alloy may contain Cu and 
Al, as well as rare earth elements, Fe, Co and B. If Zr is 
added, it is preferably added to the low R alloy. 

After preparing the low R alloy and the high R alloy, 
these master alloys are crushed separately or together. The 
crushing step includes a crushing process and a pulverizing 
process. First, each of the master alloys is crushed to a 
particle size of approximately several hundreds of jam. The 
crushing is preferably carried out in an inert gas atmosphere, 
using a stamp mill, a jaw crusher, a brown mill, etc. In order 
to improve crushability , it is effective to carry out crushing 
after the absorption of hydrogen. 

After carrying out the crushing, the routine proceeds 
to a pulverizing process. In the pulverizing process, a jet 
mill is mainly used, and crushed powders with a particle size 
of approximately several hundreds of \xm are crushed to a mean 
particle size between 2.5 and 6 jjm, and more preferably 3 and 
5 |im. The jet mill is a method comprising releasing a 
high-pressure inert gas (e.g., nitrogen gas) from a narrow 
nozzle so as to generate a high-speed gas flow, accelerating 
the crushed powders with the high-speed gas flow, and making 
crushed powders hit against each other, the target, or the 
wall of the container, so as to pulverize the powders. 

Basically, a method of mixing of two types of alloys is 
not limited. However, when the low R alloy and the high R 
alloy are pulverized separately in the pulverizing process, 
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the pulverized low R alloy powders are mixed with the pulverized 
high R alloy powders in a nitrogen atmosphere. The mixing 
ratio of the low R alloy powders and the high R alloy powders 
may be approximately between 80 : 20 and 97 : 3 at a weight 
ratio. Likewise, in a case where the low R alloy is crushed 
or pulverized together with the high R alloy also, the same 
above mixing ratio may be applied. When approximately 0.01% 
to 0.3% by weight of additive agents such as zinc stearate 
is added during the pulverizing process, fine powders which 
are well oriented, can be obtained during compacting process. 

Subseguently , mixed powders comprising the low R alloy 
powders and the high R alloy powders are filled in a tooling 
equipped with electromagnets, and they are compacted in a 
magnet field, in a state where their crystallographic c axis 
is oriented by applying a magnetic field. This compacting 
may be carried out by applying a pressure of approximately 
30 to 300 MPa (0.3 to 3.0 t/cm 2 ) in a magnetic field of 960 
to 1, 600 kA/m (12 to 20 kOe) . Preferably, the compacting may 
be carried out by applying a pressure of approximately 70 to 
150 MPa (0.7 to 1.5 t/cm 2 ) in a magnetic field of 960 to 1,360 
kA/m (12 to 17 kOe) . Moreover, other than the above described 
method of applying a pressure in a magnetic field, a method 
of applying pulse in a magnetic field may also be used. 

After the mixed powders are compacted in the magnetic 
field, the compacted body is sintered in a vacuum or inert 
gas atmosphere. The sintering may be carried out at 1,000°C 
to 1,100°C for about 1 to 5 hours. However, the sintering 
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temperature needs to be adjusted depending on various 
conditions such as a composition, a crushing or pulverizing 
method, the difference between particle size and particle size 
distribution . 

Before the sintering process, a treatment to remove a 
agent for helping crushing, gas or the like contained in a 
compacted body may be performed. 

After completion of the sintering, the obtained sintered 
body may be subjected to heat treatment. The heat treatment 
is important for the control of a coercive force. When the 
heat treatment is carried out in two steps, it is effective 
to retain the sintered body for a certain time at around 800°C 
and around 600°C. When a heat treatment is carried out at 
around 800°C after completion of the sintering, the coercive 
force increases . Accordingly, such a heat treatment at around 
8 00°C is particularly effective in the mixing method . Moreover, 
when a heat treatment is carried out at around 600°C, the 
coercive force significantly increases. Accordingly, when 
the heat treatment is carried out in a single step, it is 
appropriate to carry out it at around 600°C. 
(Examples) 

The present invention will be further described in the 
following specific examples. The first example relates to 
a low coercive force type permanent magnet, and the second 
example relates to a high coercive force type permanent magnet . 
[First example] 
<Experiment example 1> 
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Master alloys (a low R alloy and a high R alloy) with 
compositions shown in FIG. 1 were preparedby the strip casting 
method . 

A hydrogen crushing treatment was carried out on each 
of the obtained master alloys, in which after hydrogen was 
absorbed at room temperature, dehydrogenation was carried out 
thereon at 600°C for 1 hour in an Ar atmosphere. 

In order to obtain high magnetic properties, the amount 
of oxygen contained in a sintered body was controlled to 1, 000 
ppm or less in Experiment example 1. On this account, the 
atmosphere was controlled at an oxygen concentration of 100 
ppm or less throughout processes, from a hydrogen crushing 
treatment (recovery after a crushing process) to sintering 
(input into a sintering furnace) (this condition was also 
applied in the following Experiment examples 2 to 11). 

Generally, two-step crushing is carried out, which 
includes rough crushing and pulverizing. However, the 
crushing was omitted in Experiment example 1 (this condition 
was also applied in the following Experiment examples 2 to 
11) . 

The low R alloy and the high R alloy that had been subjected 
to a hydrogen crushing treatment were mixed at a ratio of 90 : 
10 . At the same time, 0 . 1% oleic amide was added to the mixture 
as an agent for helping crushing. Thereafter, the alloy 
powders were subjected to pulverizing using a jet mill, so 
as to obtain five types of fine powders, each having a mean 
particle size (D) of 3.82 |am, 4.00 jam, 4.15 )iim, 4.29 |im and 
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4 . 64 (am. The particle size was measured with a particle size 
analyzer by laser diffraction (Mastersizer manufactured by 
Malvern Instruments) . The final composition obtained by 
mixing the low R alloy and the high R alloy (the composition 
of a sintered body) is shown in FIG . 1. 

The obtained fine powders were subjected to a compression 
compacting in a magnetic field of 1, 320 kA/m (16.5 kOe) , so 
as to obtain a compact. The density of the compact was 4.2 
Mg/m 3 . 

The obtained compact was sintered at 1 / 060°C for 4 hours 
in a vacuum atmosphere, followed by quenching. Thereafter, 
the obtained sintered body was subjected to a two-step heat 
treatment consisting of treatments of 900°C x 1 hour and 530°C 
x 2.5 hours (both in an Ar atmosphere). 

The obtained permanent magnet was measured with a B-H 
tracer in terms of magnetic properties. At the same time, 
the density of the sintered body, the mean grain size, the 
content of oxygen, the content of nitrogen, and the content 
of carbon were measured. The results are shown in FIG. 2. 
In the figure, d represents the mean grain size of a sintered 
body, p represents the density of the sintered body, Br 
represents a residual flux density, He J represents an intrinsic 
coercive force, (BH) max represents a maximum energy product, 
and Hk/HcJ represents a squareness. It is noted that the 
squareness (Hk/HcJ) is an index of magnetic performances, and 
that it indicates square degrees in the second quadrant of 
a magnetic hysteresis loop. Moreover, Hk means an external 
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magnetic field strength obtained when the flux density becomes 
90% of the residual flux density in the second quadrant of 
a magnetic hysteresis loop. To determine the mean grain size 
of a sintered body, the polished face of the sintered body 
was observed with a polarizing microscope (BX60M manufactured 
by Olympus Corporation) , and the results were evaluated with 
an image processor (IP-1000 manufactured by Asahi Kasei 
Corporation) . The particle area was obtained from this 
evaluation, and the obtained value was converted into the 
corresponding circular diameter, which was then defined as 
a particle size. 

As shown in FIG. 2, it is found that all the permanent 
magnets of samples 1 to 5 have a residual flux density of 1 . 4 
T or more, a coercive force of 1, 000 kA/m or more, and a high 
maximum energy product of approximately 4 00 kJ/m 3 or more. 
Moreover, it is also found that all the permanent magnets 
contain a low level of impurities, such as the amount of oxygen 
of 1,000 ppm or less, the amount of nitrogen of 500 ppm or 
less, and the amount of carbon of 1,000 ppm or less. 

Subsequently, the permanent magnets of samples 1 to 5 
were measured in terms of a magnetization rate (Pc = 2) . The 
results are shown in FIGS. 3 and 4. As shown in FIGS. 3 and 
4, it is found that sample 1 with the smallest mean grain size 
(3.2 |im) and sample 5 with the greatest mean grain size (4.4 
(am) have a low magnetization rate in a low magnetizing field. 

FIG. 5 shows the values of magnetizing fields necessary 
for samples 1 to 5 to obtain a magnetization rate of each of 
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40%, 50%, 60%, 70%, 80%, 90% and 95%. As shown in the figure, 
each of samples 2 to 4 obtains a magnetization rate of 40% 
in a magnetizing field of 240 kA/m (3 kOe) . In contrast, 
samples 1 and 5 need a magnetizing field of 320 kA/m (4 kOe) 
to obtain the same above magnetization rate. Likewise, 
samples 2 to 4 can obtain a magnetization rate of each of 50%, 
60%, 70%, 80%, 90% and 95% in a magnetizing field that is lower 
than that of samples 1 and 5. 

From these results, it is found that a magnetization rate 
of 40% or more can be obtained in a low magnetizing field such 
as 240 kA/m by setting the mean grain size of a sintered body 
to 3.3 to 4.3 jam, and preferably to 3.5 to 4.0 ^m. It is also 
found that a magnetization rate of 90% can be obtained in a 
lower magnetizing field by setting the mean grain size of a 
sintered body to 3.3 to 4.3 jam. In other words, a high 
magnetization rate can be obtained in a low magnetizing field. 
<Experiment example 2> 

Three types of permanent magnets (samples 6 to 8) were 
obtained in the same manner as in Experiment example 1 with 
the exceptions that the master alloys with the compositions 
shown in FIG . 6 were used and that the amount of oxygen contained 
in the final sintered body was fluctuated by controlling the 
amount of oxygen contained in crushing gas (nitrogen) during 
the preparation of fine powders. The magnetic properties of 
the obtained permanent magnets were measured in the same manner 
as in Experiment example 1. The results are shown in FIG. 
7. It is noted that Ts in FIG. 7 represents a sintering 
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temperature and other symbols have the same meanings as in 
FIG . 2. 

As shown in FIG. 7 , it is found that all the permanent 
magnets of samples 6 to 8 have a residual flux density of 1 . 4 
T or more, a coercive force of approximately 1,000 kA/m, and 
a high maximum energy product of approximately 400 kJ/m 3 . 

Subsequently, the permanent magnets of samples 6 to 8 
were measured in terms of a magnetization rate (Pc = 2) . The 
results are shown in FIGS. 8 and 9. As shown in FIGS. 8 and 
9, it is found that sample 6 with the lowest oxygen content 
of 580 ppm has a high magnetization rate in a low magnetizing 
field. This is to say, sample 6 can obtain a magnetization 
rate of 40% or more in a magnetizing field of 240 kA/m (3 kOe) , 
a magnetization rate of 70% or more in a magnetizing field 
of 400 kA/m (5 kOe) , and a magnetization rate of 95% or more 
in a magnetizing field of 800 kA/m (10 kOe) . In contrast, 
sample 7 needs a magnetizing field of 400 kA/m (5 kOe) to obtain 
a magnetization rate of approximately 60% , and sample 8 obtains 
only a magnetization rate of 55% by applying a magnetizing 
field of 400 kA/m (5 kOe) . 

As described above, a magnetization rate is associated 
with the amount of oxygen contained in a permanent magnet. 
In order to improve a magnetization rate in magnetizing fields 
ranging from a low magnetizing field to a high magnetizing 
field, the amount of oxygen contained in a permanent magnet 
is set to 2,000 ppm or less, and more preferably to 1, 000 ppm 
or less. 
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<Experiment example 3> 

Three types of permanent magnets (samples 9 to 11) were 
obtained in the same manner as in Experiment example 1 with 
the exception that the master alloys with the compositions 
shown in FIG. 10 were used. The magnetic properties of the 
obtained permanent magnets were measured in the same manner 
as in Experiment example 1. The results are shown in FIG. 
11. It is noted that symbols used in FIG. 11 have the same 
meanings as in FIG. 7. 

As shown in FIG. 11, sample 9 containing no element M 
has a low squareness such as 60.22%, and so this sample is 
not a practical permanent magnet. It is found that sample 
10 containing Zr as the element M and sample 11 containing 
Ti as the element M have a residual flux density of 1 . 4 T or 
more, a coercive force of approximately 1, 100 kA/m, and a high 
maximum energy product of approximately 400 kJ/m 3 . 

The microstructure of sample 9 was observed. As a result, 
crystal grains that were abnormally grown to approximately 
100 Jim were observed in the sintered body. This is because 
the content of oxygen was low such as approximately 2, 000 ppm 
and the amount of oxide controlling the grain growth was thereby 
reduced. It is assumed that the presence of these abnormal 
crystal grains causes a low squareness. 

Themicrostructures of samples 10 and 11 were also observed . 
As a result, there were observed no abnormally grown crystal 
grains in these samples, which were observed in sample 9. It 
was confirmed that Zr was dispersed in the sintered body, more 
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specifically in the grain boundary phase of sample 10, and 
that Ti was dispersed in the sintered body, more specifically 
in the grain boundary phase of sample 11. Thus, it is 
understood that Zr or Ti forms a certain compound and that 
this compound suppresses the abnormal grain growth. 

Subsequently, the permanent magnets of samples 9 to 11 
were measured in terms of a magnetization rate (Pc = 2) . The 
results are shown in FIGS. 12 and 13. As shown in FIGS. 12 
and 13, it is found that sample 10 containing Zr as the element 
M has a higher magnetization rate in a low magnetizing field, 
when it is compared with sample 9 containing no element M or 
with sample 11 containing Ti as the element M. This is to 
say, sample 10 can obtain a magnetization rate of more than 
40% in a magnetizing field of 240 kA/m (3 kOe) . In contrast, 
samples 9 and 11 can obtain only a magnetization rate of less 
than 30%. 

As described above, it is found that both Zr and Ti are 
elements M, which control the abnormal grain growth and so 
these elements are effective to improve magnetic properties, 
and especially a squareness (Hk/HcJ) , but that Zr is an 
effective element not only for improvement of magnetic 
properties, but also for improvement of magnetizability . 
<Experiment example 4> 

Three types of permanent magnets (sample 12, sample 13 
and sample 14 ) were obtained in the same manner as in Experiment 
example 1 with the exception that the master alloys shown in 
FIG. 14 were used. Samples 12 to 14 were measured in terms 
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of magnetic properties and the mean grain size of a sintered 
body in the same manner as in Experiment example 1 . The results 
are shown in FIG. 15. 

It is found from FIG. 15 that samples 12 and 13 have almost 
the same residual flux density (Br) . Sample 14 contains a 
higher amount of Dy than samples 12 and 13, and accordingly 
it has a high coercive force (HcJ) such as 1, 300 kA/m. Samples 
12 to 14 were measured in terms of a magnetization rate (Pc 
= 2 ) in the same manner as in Experiment example 1 . The results 
are shown in FIGS. 16 and 17. As shown in FIGS. 16 and 17, 
sample 13, which contains no Zr but a high amount of oxygen, 
has only a magnetization rate of approximately 24% in a 
magnetizing field of 240 kA/m. In contrast, samples 12 and 
14 containing Zr can obtain a magnetization rate of more than 
50% in a magnetizing field of 240 kA/m. 

Thereafter, test pieces in the form shown in FIG. 18 
(thickness: 2.1 mm) were prepared from samples 12 and 13, and 
magnetization was carried out in the form of a concave as shown 
in FIG. 18. The magnetization conditions are the following 
four conditions: 
800 jiF x 500 V 
800 jxF x 800 V 
800 nF x 1, 100 V 
800 jliF x 1, 500 V 

Under each condition, a total flux was measured on a chain 
line as shown in FIG. 18. FIG. 19 is a set of graphs showing 
the relationship between the positions of the test pieces on 
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a chain line and the total flux (B) with respect to each different 
magnetizing voltage . 

When the magnetizing voltage is 1, 500 V, which is in a 
state of nearly full magnetization, samples 12 and 13 show 
the same total flux (B) . However, when the magnetizing voltage 
is 500 V, sample 12 shows 1.3 times or more the total flux 

(B) of sample 13. Similarly, when the magnetizing voltage 
is 800 V, sample 12 shows 1.1 times or more the total flux 

(B) of sample 13. When the magnetizing voltage is 500 V, the 
curve of sample 12 was compared with that of sample 13 around 
the position of 3 . 5 mm where the polarity should be inverted. 
As a result, the inclination of the latter (sample 13) was 
smaller than that of the former (sample 12), and this result 
suggests that the wider neutral zone exists. 

From the above results, it is found that the use of sample 
12 with excellent magnetizability can make the width of a 
neutral zone narrow. Accordingly, sample 12 with excellent 
magnetizability can impart excellent performance to 
actuators . 

<Experiment example 5> 

Master alloys (a low R alloy and a high R alloy) with 
compositions shown in FIG. 1 were treated in the same manner 
as in Experiment example 1, so as to manufacture a permanent 
magnet (sample 15) . The magnetic properties of the obtained 
permanent magnet were measured in the same manner as in 
Experiment example 1. The results are shown in FIG. 20. 
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Thereafter, from this permanent magnet, a sample with 
Pc = 2 . 0 (sample 15), a sample with Pc = 1 . 0 (sample 16), and 
a sample with Pc = 0 . 5 (sample 17) were prepared, and their 
magnetization rates were then measured in the same manner as 
in Experiment example 1. The results are shown in FIGS . 21 
and 22. 

As shown in FIGS. 21 and 22, as Pc decreases, the 
magnetization rate also tends to decrease. In a magnetizing 
field of 240 kA/m, the magnetization rate is 35% or more, 
providing that Pc = 1.0, and it is 30% or more, providing that 
Pc = 0.5. Thus, it is found that a high magnetizing rate is 
obtained in a low magnetic field. Moreover, it is also found 
that in a magnetizing field of 800 kA/m, the magnetization 
rate is 90% or more, providing that Pc = 1.0, and it is 80% 
or more, providing that Pc = 0.5. 
[Second example] 
<Experiment example 6> 

A master alloy with a composition shown in FIG. 23 was 
prepared by the strip casting method. 

A hydrogen crushing treatment was carried out on the 
obtained master alloy under the same conditions as in 
Experiment example 1. 

0.1% oleic amide was added as an agent for helping crushing 
to the alloy that had been subjected to a hydrogen crushing 
treatment. Thereafter, the alloy powders were subjected to 
pulverizing using a jet mill, so as to obtain six types of 
fine powders, each having a mean particle size (d) of 3.3 (am, 
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3.7 jam, 4.1 jim, 4.4 jam, 4.8 |im and 5.3 |um. The crushing was 
omitted as with Experiment example 1 . The method of measuring 
the particle size is also the same as in Experiment example 
1. 

The obtained fine powders were subjected to a compression 
compacting in a magnetic field of 1, 320 kA/m (16.5 kOe) , so 
as to obtain a compact. The density of the compact was 4.2 
Mg/m 3 . 

The obtained compact was sintered at 1, 040°C for 4 hours 
in a vacuum atmosphere, followed by quenching. Thereafter, 
the obtained sintered body was subjected to a two-step heat 
treatment consisting of treatments of 800°C x 1 hour and 530°C 
x 2. 5 hours (both in an Ar atmosphere) . The magnetic properties 
of the obtained permanent magnet were measured in the same 
manner as in Experiment example 1. The results are shown in 
FIG. 24. 

As shown in FIG. 24, it is found that all the permanent 
magnets of samples 18 to 23 have a residual flux density of 
1 . 3 T or more, a coercive force of 2 , 000 kA/m or more, a maximum 
energy product of approximately 340 kJ/m 3 or more, and a 
squareness (Hk/HcJ) of 90% or more. Moreover, it is also found 
that all the permanent magnets contain a low level of impurities, 
such as the amount of oxygen of 1,000 ppm or less, the amount 
of nitrogen of 500 ppm or less, and the amount of carbon of 
1,000 ppm or less. 

Subsequently, the permanent magnets of samples 18 to 23 
were measured in terms of a magnetization rate (Pc = 2) . The 
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results are shown in FIG. 25. As shown in FIG. 25, it is found 
that sample 18 with the smallest mean grain size (3.3 jim) and 
sample 23 with the greatest mean grain size (5.3 |im) have only 
a magnetization rate of less than 60% in a magnetizing field 
of 240 kA/m. 

From these results, it can be confirmed that a 
magnetization rate of 60% or more can be obtained in a low 
magnetizing field of 240 kA/m by setting the mean grain size 
of a sintered body to 3.5 to 5.0 |im, and preferably to 4.0 
to 4 . 5 (im. It is also found that a magnetization rate of 85% 
or more can be obtained in a low magnetizing field of 400 kA/m 
by setting the mean grain size of a sintered body to 3.5 to 
5.0 jam. Moreover, as is clear from the fact that a 
magnetization rate of 95% or more can be obtained in a 
magnetizing field of 800 kA/m, the permanent magnet of the 
present invention shows an early rising edge of the 
magnetization rate . 
<Experiment example 7> 

Five types of permanent magnets (samples 24 to 28) were 
obtained in the same manner as in Experiment example 6 with 
the exceptions that the master alloys with the compositions 
shown in FIG . 2 6 were used and that the amount of oxygen contained 
in the final sintered body was fluctuated by controlling the 
amount of oxygen contained in crushing gas (nitrogen) during 
the preparation of fine powders. The magnetic properties of 
the obtained permanent magnets were measured in the same manner 
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as in Experiment example 1. The results are shown in FIG. 
27. 

As shown in FIG. 27 , it is found that all the samples 
24 to 28 have a residual flux density of 1 . 3 T or more , a coercive 
force of 2,300 kA/m or more, and a maximum energy product of 
approximately 330 kJ/m 3 . 

Subsequently, samples 24 to 28 were measured in terms 
of a magnetization rate (Pc = 2) . The results are shown in 
FIG. 28. As shown in FIG. 28, it is found that sample 24 with 
the lowest oxygen content of 4 90 ppm has a high magnetization 
rate in a low magnetizing field. Moreover, samples 24 to 27 
can have a magnetization rate of 70% or more in a magnetizing 
field of 240 kA/m (3 kOe) , a magnetization rate of 90% or more 
in a magnetizing field of 400 kA/m (5 kOe) , and a magnetization 
rate of almost 100% in a magnetizing field of 800 kA/m (10 
kOe) . In contrast, sample 28 cannot obtain a magnetization 
rate of more than 60% in a magnetizing field of 240 kA/m (3 
kOe) . Likewise, the magnetization rate of sample 28 does not 
reach 85% in a magnetizing field of 400 kA/m (5 kOe) . 

As described above, a magnetization rate is associated 
with the amount of oxygen contained in a permanent magnet. 
In order to improve a magnetization rate in magnetizing fields 
ranging from a low magnetizing field to a high magnetizing 
field, the amount of oxygen contained in a permanent magnet 
is set to 2, 000 ppm or less, preferably to 1, 500 ppm or less, 
and more preferably to 1,000 ppm or less. 
<Experiment example 8> 
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Eight types of permanent magnets (samples 29 to 36) were 
obtained in the same manner as in Experiment example 1 with 
the exception that the master alloys with the compositions 
shown in FIG. 29 were used. The magnetic properties of the 
obtained permanent magnets were measured in the same manner 
as in Experiment example 1. The results are shown in FIG. 
30. It is noted that sample 18 in Experiment example 6 is 
also shown in FIG. 30. 

As shown in FIG. 30, sample 29 containing no element M 
has a squareness (Hk/HcJ) of 93.6%, which is lower than those 
of other samples. In contrast, samples 18 and 30 to 36 
containing the element M have a squareness (Hk/HcJ) of more 
than 95%. It is found that , in particular , sample 30 containing 
Nb, sample 34 containing Ga, and sample 36 containing Zr and 
Nb have a high squareness (Hk/HcJ) and a high coercive force 
(HcJ) . 

The micros tructure of sample 2 9 was observed. As a result, 
crystal grains that were abnormally grown to approximately 
100 ]im were observed in the sintered body. This is because 
the content of oxygen was low such as approximately 1, 000 ppm 
and the amount of oxide controlling the grain growth was thereby 
reduced. It is assumed that the presence of these abnormal 
crystal grains causes a low squareness. 

The microstructures of samples 18 and 30 to 36 were also 
observed . As a result , there were observed no abnormally grown 
crystal grains in these samples, which were observed in sample 
29. It was confirmed that Nb was dispersed in the main phase 
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and the grain boundary phase of samples 18 and 30 to 36, and 
that Zr was dispersed in the grain boundary phase of sample 
31 and 36. Thus, it is understood that Nb or Zr forms a certain 
compound and that this compound suppresses the abnormal grain 
growth . 

Subsequently, the permanent magnets of samples 18 and 
29 to 36 were measured in terms of a magnetization rate (Pc 
= 2). The results are shown in FIG. 31. It is noted that 
the results regarding sample 18 are also shown in FIG. 31. 
As shown in the figure, it is found that sample 29 containing 
no element M can obtain only a magnetization rate of less than 
50% in a magnetizing field of 240 kA/m, but that samples 18 
and 30 to 36 containing the element M can obtain a magnetization 
rate of more than 60% in a magnetizing field of 240 kA/m. 
Moreover, it is also found that sample 29 containing no element 
M can obtain only a magnetization rate of less than 85% in 
a magnetizing field of 400 kA/m, but that samples 18 and 30 
to 36 containing the element M can obtain a magnetization rate 
of more than 85% in a magnetizing field of 400 kA/m. 

As described above, it is found that the element M, which 
controls the abnormal grain growth, is effective to improve 
magnetic properties, especially a squareness (Hk/HcJ) , and 
that it is also effective to improve magnetizability . In 
particular, Nb, Zr and Ga are elements effective to improve 
both magnetic properties and magnetizability greatly. 
<Experiment example 9> 
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Four types of permanent magnets (samples 37 to 40) were 
obtained in the same manner as in Experiment example 6 with 
the exception that the master alloys shown in FIG. 32 were 
used. Samples 37 to 40 were measured in terms of the magnetic 
properties and the mean grain size of a sintered body in the 
same manner as in Experiment example 6. The results are shown 
in FIG. 33. 

It is found from FIGS. 32 and 33 that as the amount of 
Dy increases, a coercive force (HcJ) increases, on the other 
hand, a residual flux density (Br) decreases. 

Samples 37 to 40 were measured in terms of a magnetization 
rate ( Pc = 2 ) in the same manner as in Experiment example 6. 
The results are shown in FIG. 34. As shown in FIG. 34, it 
is found that as the amount of Dy increases, a magnetization 
rate is improved. In particular, the difference is 
significant in a magnetizing field of 400 kA/m or less. 

Moreover, test pieces in the form shown in FIG. 18 
(thickness: 2.1 mm) were prepared from samples 37 and 40, and 
magnetization was carried out in the form of a concave as shown 
in FIG. 18. The magnetization conditions are the following 
four conditions: 
800 ^iF x 350 V 
800 |iF x 600 V 
800 jaF x 900 V 
800 jxF x 1, 500 V 

Under each magnetization condition, a total flux was 
measured on a chain line as shown in FIG. 18. FIG. 35 is a 
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set of graphs showing the relationship between the positions 
of the test pieces on a chain line and the total flux (B) with 
respect to each different magnetizing voltage. 

When the magnetizing voltage is 1, 500 V, which is in a 
state of nearly full magnetization, samples 37 and 40 show 
the same total flux (B) . However, when the magnetizing voltage 
is 350 V, sample 37 shows 1.3 times or more the total flux 

(B) of sample 40. Similarly, when the magnetizing voltage 
is 600 V, sample 37 shows 1.1 times or more the total flux 

(B) of sample 40. When the magnetizing voltage is 350 V, the 
curve of sample 37 was compared with that of sample 40 around 
the position of 3 . 5 mm where the polarity should be inverted. 
As a result, the inclination of the former was smaller than 
that of the latter, and this result suggests that the wider 
neutral zone exists. 

From the above results, it is found that the use of a 
sample with excellent magnetizability can make the width of 
a neutral zone narrow. Accordingly, such a sample with 
excellent magnetizability can impart excellent performance 
to actuators. 
<Experiment example 10> 

Four types of permanent magnets (samples 41 to 44) were 
obtained in the same manner as in Experiment example 6 with 
the exception that the master alloys shown in FIG. 36 were 
used. Samples 41 to 44 were measured in terms of the magnetic 
properties and the mean grain size of a sintered body in the 
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same manner as in Experiment example 6. The results are shown 
in FIG . 37. 

It is found from FIGS. 36 and 37 that as the amount of 
Tb increases, an intrinsic coercive force (HcJ) increases, 
on the other hand, a residual flux density (Br) decreases. 

Samples 41 to 44 were measured in terms of a magnetization 
rate (Pc = 2) in the same manner as in Experiment example 6. 
The results are shown in FIG. 38. 

As shown in FIG. 38, it is found that as the amount of 
Tb increases, a magnetization rate is improved . In particular, 
the difference is significant in a magnetizing field of 400 
kA/m or less. Moreover, when compared with the case in 
Experiment example 9, it is found that Tb in a smaller amount 
can exhibit the same effects as those of Dy. 
<Experiment example 11> 

From sample 19 in Experiment example 6, a sample with 
Pc = 1.0 (sample 45) and a sample with Pc = 0 . 5 (sample 46) 
were further prepared, and their magnetization rates were then 
measured in the same manner as in Experiment example 6. The 
results are shown in FIG. 39. 

As shown in FIG. 39, as Pc decreases, the magnetization 
rate also tends to decrease. In a magnetizing field of 240 
kA/m, the magnetization rate is more than 55%, providing that 
Pc = 1.0, and it is more than 40%, providing that Pc = 0.5. 
Thus, it is found that a high magnetizing rate is obtained 
in a low magnetic field. Moreover, it is also found that in 
a magnetizing field of 400 kA/m, the magnetization rate is 



US-4437 (99P05007) 



- 48 - 



more than 80%, providing that Pc = 1.0, and it is more than 
70%, providing that Pc = 0.5. 

According to the first technique of the present invention, 
a permanent magnet can be obtained, which has an improved 
magnetization rate in a low magnetizing field such as 
approximately 320 kA/m (4 kOe) and also has an improved 
magnetization rate in a high magnetizing field such as 800 
kA/m (10 kOe) . 

According to the second technique of the present invention, 
a permanent magnet can be obtained, which has an improved 
magnetization rate in a low magnetizing field such as 
approximately 400 kA/m (5 kOe) and also has an improved 
magnetization rate in a high magnetizing field such as 800 
kA/m (10 kOe) . 

When such a permanent magnet with excellent 
magnetizability is used for a multipolar magnet, it makes the 
width of a neutral zone narrow. A motor using such a ring 
magnet maintains high rotation performance. 

Moreover, in many cases, inexpensive magnet with a high 
magnetization rate may actually produce a total flux larger 
than that of an expensive magnet with a low magnetization rate 
although it has high magnetic properties. Therefore, the 
present invention realizes a certain total flux using an 
inexpensive magnet. Moreover, it also downsizes a magnet. 
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